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Abstract. A uniﬁed regional air-quality modelling system
(AURAMS) was used to investigate the effects of reduc-
tions in ammonia emissions on regional air quality, with a
focus on particulate-matter formation. Three simulations of
one-year duration were performed for a North American do-
main: (1) a base-case simulation using 2002 Canadian and
US national emissions inventories augmented by a more de-
tailed Canadian emissions inventory for agricultural ammo-
nia; (2) a 30% North-American-wide reduction in agricul-
tural ammonia emissions; and (3) a 50% reduction in Cana-
dian beef-cattle ammonia emissions. The simulations show
that a 30% continent-wide reduction in agricultural ammonia
emissions lead to reductions in median hourly PM2.5 mass of
<1µgm−3 on an annual basis. The atmospheric response
to these emission reductions displays marked seasonal vari-
ations, and on even shorter time scales, the impacts of the
emissions reductions are highly episodic: 95th-percentile
hourly PM2.5 mass decreases can be up to a factor of six
larger than the median values.
A key ﬁnding of the modelling work is the linkage be-
tween gas and aqueous chemistry and transport; reductions
in ammonia emissions affect gaseous ammonia concentra-
tions close to the emissions site, but substantial impacts
on particulate matter and atmospheric deposition often oc-
cur at considerable distances downwind, with particle ni-
trate being the main vector of ammonia/um transport. Am-
monia emissions reductions therefore have trans-boundary
consequences downwind. Calculations of critical-load ex-
ceedances for sensitive ecosystems in Canada suggest that
ammonia emission reductions will have a minimal impact on
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current ecosystem acidiﬁcation within Canada, but may have
a substantial impact on future ecosystem acidiﬁcation. The
50% Canadian beef-cattle ammonia emissions reduction sce-
nario was used to examine model sensitivity to uncertainties
in the new Canadian agricultural ammonia emissions inven-
tory, and the simulation results suggest that further work is
needed to improve the emissions inventory for this particular
sector. It should be noted that the model in its current form
neglects coarse mode base cation chemistry, so the predicted
effects of ammonia emissions reductions shown here should
be considered upper limits.
1 Introduction
Thechemistrydescribingtheinteractionsofatmosphericam-
monia (NH3) with other atmospheric constituents has been
well established through ﬁeld and laboratory studies. While
very high concentrations of ammonia gas are known to have
health impacts (e.g., Stilg, 1994), its role in the creation of
airborne particulate matter (PM) at lower concentrations is
of interest due to the known effects of ﬁne particulate matter
on human health (cf. Schwarze et al., 2006).
The creation of airborne PM from ammonia is dependant
on the presence of other precursor gases, primarily directly-
emitted sulphur dioxide and nitrogen oxides (SO2 and NOx;
Seinfeld and Pandis, 1998). SO2 may oxidize via gas-phase
(Stockwell and Calvert, 1983) and/or aqueous-phase (Coste
and Courtier, 1936; Junge and Ryan, 1958; Hermann et al.,
2000, 2005) reactions, creating sulphuric acid gas or sul-
phuric acid ions in cloud or rain water, respectively. The
vapour pressure of sulphuric acid gas is sufﬁciently low that
almost all of the gas created will partition to the particle
phase, either through condensation on existing particles or
Published by Copernicus Publications on behalf of the European Geosciences Union.7184 P. A. Makar et al.: Modelling the impacts of ammonia emissions reductions
nucleation of new particles. Sulphuric acid created in cloud
and/or rainwater may be transferred to the particle phase
upon droplet evaporation.
Ammonia affects aqueous-phase chemistry through the
provision of a weak base; the hydrogen ion concentration
will be inversely proportional to the ammonia partial pres-
sure. Reductions in the hydrogen ion concentration due to
excess ammonia will allow a greater aqueous uptake of SO2
in cloud water in the form of the bisulphite ion (HSO−
3 ).
The latter may be oxidized by hydrogen peroxide, ozone, or-
ganic peroxides, or catalytic oxygen reactions to bisulphate
andsulphateions, theionicequilibriumproductsofsulphuric
acid dissociation (Hermann et al., 2000, 2005). H2O2 is be-
lieved to be the dominant aqueous-phase oxidant of HSO−
3 ,
but the strongly pH-dependent oxidation by O3 becomes
more important as pH increases or when H2O2 has been de-
pleted (e.g., Fung et al., 1991). The relative contribution of
these two oxidants to aqueous-phase sulphate formation is
therefore inﬂuenced by NH3 levels. An additional process
of importance for ammonia chemistry is the formation of
gaseous nitric acid (HNO3) through well-known “NOx ter-
mination” reactions (Seinfeld and Pandis, 1998); HNO3 may
in turn participate in aqueous reactions with the ammonium
ion, or in particle-phase chemistry.
Laboratory studies and related thermodynamics of high-
concentration particle ammonium chemistry are well estab-
lished (cf. D’Ans, 1913), and observations of ammonium,
sulphate, and nitrate in PM have appeared in the literature
over the past sixty years (cf. Robbins and Cadle, 1958; Fenn
et al., 1963; Spurny and Heard, 1969; Heard and Wiffen,
1969; Gordon and Bryan, 1973; Anlauf et al., 1978; Bros-
set, 1978; Stelson et al., 1979; Tanner, 1983). The partition-
ing between different phases, including gases, may be pre-
dicted using fundamental thermodynamics theory (cf. Kusik
and Meissner, 1978) in box models (e.g., Ansari and Pandis,
1999; Makar et al., 2003) or regional models such as AU-
RAMS (Gong et al., 2006).
The concept of ammonia limitation has been used in the
past (Blanchard et al., 1999), in order to better understand
the aqueous and particulate chemistry of ammonia. By
analogy to the NOx- and VOC-limit concept for ozone for-
mation, which refer to environments in which changes in
NOx or VOC emissions respectively have the greatest im-
pact on changes in the ozone concentration, ammonia lim-
itation refers to the thermodynamic conditions (a chemical
regime) in which changes to ammonia emissions have a sig-
niﬁcant impact on particle mass. Speciﬁcally, an ammonia-
limited regime is one in which the total available ammo-
nia (gaseous ammonia+aerosol phase ammonium) is insuf-
ﬁcient to charge-balance difference the remaining other an-
ions and cations (cf. Blanchard et al., 1999), with the re-
sult that small perturbations in the ammonia emissions may
have a signiﬁcant effect on particle mass. Ammonia-limited
regimes are thus those in which:
[NH3(g)] + [NH+
4 (aq)]<
n
2[Ca2+] + 2[Mg2+] + [Na+] + [K+] (1)
−2[SO2−
4 (aq)] − [NO−
3 (aq)] − [HNO3(g)] − [HCl(g)] − [Cl−(aq)]
o
The above equation is appropriate for bulk chemistry in
which all species are in a common mixture. The ionic species
in the above equation refer to all forms of the species in
particles and cloud water. In the ambient atmosphere, the
situation is complicated by the size segregation of some of
the cations and anions into different particle size modes in
the overall particle size distribution. Calcium, magnesium,
sodium and potassium base cations all typically have the
greatest portion of their mass in the coarse mode (particle
sizes greater than 2.5µm aerodynamic diameter), since their
dominant sources are in soil dust, and sea- or road-salt. Most
the sulphate mass is produced from sulphur dioxide oxida-
tion by cloud water aqueous-phase reactions or gas-phase hy-
droxyl radical reaction, both of which create sulphuric acid.
This, in turn forms particle sulphate with a mass peak in
smaller particles (less than 2.5µm diameter) due to nucle-
ation, condensation and cloud evaporation processes favour-
ing the smaller sizes.
Equation (1) suggests that total ammonia will have lit-
tle effect on particle formation if large amounts of calcium,
magnesium, sodium or potassium are present. The size seg-
regation of sulphate from these cations, however, suggests
that a two equation deﬁnition would more closely describe
the impact of ammonia in the ambient atmosphere:
[NH3(g)] + [NH+
4 (aq)]<2[SO2−
4 (aq)], and (2a)
[NH3(g)] + [NH+
4 (aq)] − 2[SO2−
4 (aq)]< (2b)

[NO−
3 (aq)] + [HNO3(g)] + [HCl(g)] + [Cl−(aq)]
−2[Ca2+] − 2[Mg2+] − [Na+] − [K+]
o
Equation (2a) describes a strongly ammonia-limited chem-
ical regime, in which small perturbations in the gaseous am-
monia concentration will likely result in changes to PM2.5
mass, due to the size separation of sulphate from coarse
mode cations. Equation (2b) describes a weakly ammonia-
limited chemical regime, in which the excess total ammo-
nia subsequent to sulphate charge-balancing is still less than
that required to charge balance the remaining ions of the sys-
tem. The advantage of this two-level deﬁnition of ammonia-
limitation is that it captures the potential impact of ammo-
nia on ﬁne mode particle growth due to the presence of sul-
phate in the smaller particle sizes. Chemical regimes for
which for which (2b) is false are ammonia-saturated; am-
monia emissions reductions would thus be less effective in
reducing PM2.5 mass for these environments.
Comprehensive Eulerian regional models are useful tools
for studying the potential impacts of ammonia emissions on
atmospheric particle formation and deposition to sensitive
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ecosystems. The ﬁrst generation of these models were de-
signed to predict the gas-phase concentrations of acidifying
gases, ozone,, other reactive gases, and wet and dry deposi-
tion of atmospheric acidic species (e.g., Chang et al., 1987;
Venkatram and Karamchandani, 1988). Later work extended
these models to include size-distributed PM (Binkowski and
Shankar, 1995). Further developments within the last decade
included the introduction of more detailed inorganic and or-
ganic particulate chemistry, and the introduction of size-
resolved and speciated PM (e.g., Binkowski and Roselle,
2003; Gong et al., 2006). More recently, these models have
begun to be used to investigate the role of ammonia and other
nitrogen compounds in atmospheric chemistry and deposi-
tion (Mathur and Dennis, 2003; Ying and Kleeman, 2006;
Phillips et al., 2006; Luo et al., 2007; Quan and Zhang,
2008; Wang et al., 2008). Environmental impacts have been
assessed through the calculation of exceedances of acid-
deposition critical loads (deﬁned below) in order to estimate
the impact of deposition on sensitive ecosystems (Fowler et
al., 1998; Dentener et al., 2006; Spranger et al., 2008; Fenn
et al., 2008; Moran et al., 2008).
Past research has suggested that ammonia emissions con-
trols may be one means of reducing the levels of ambient
PM in the atmosphere, with some caveats. Using a box
model, Ansari and Pandis (1998) showed that reductions in
ammonia emissions were the most effective means of reduc-
ing total PM, with the caveat that the remaining particulate
mass became more acidic. West et al. (1999) used ambi-
ent air data from Eastern US monitoring sites as inputs for
box modelling; they concluded that SO2 emission controls
might have to be accompanied by NOx and NH3 emissions
controls to ensure that the former would not result in an in-
crease in PM mass due to an increase in particulate nitrate
Pinder et al. (2007) calculated the relative costs of ammonia
emissions reductions versus other strategies in conjunction
with regional modelling, and suggested that these reductions
would be particularly cost effective and effective in the win-
ter. Pinder et al. (2008) noted signiﬁcant sensitivity of PM to
NH3 emission magnitude near NH3 emission sources in the
midwestern USA, with signiﬁcant nitrogen deposition near
those sources in the winter.
Of the few modelling studies that have investigated the im-
pact of NH3 emissions reductions on ambient PM levels in
North America, the focus has been on the Eastern USA for
short periods of time (Pinder et al., 2007; Tsimpidi et al.,
2007), with considering seasonal and annual scenarios for
the Eastern USA. (Pinder et al., 2008). In this paper, we de-
scribe the application of a comprehensive regional air-quality
model for the entire North American continent, to predict the
likely effects of reductions in North American emissions of
agricultural ammonia on the mass and composition of atmo-
spheric PM, and on the amount of acid deposition to sensitive
ecosystems. Three one-year simulations, a 2002 base case
and two hypothetical NH3 emission scenarios, have been run
and analyzed. The next section describes the study method-
ology. Section 3 summarizes a performance evaluation for
the 2002 base case, and Sect. 4 and 5 analyze the results of
the two emission scenarios. Conclusions and recommenda-
tions for further study are provided in Sect. 6.
2 Methodology
2.1 Modelling system description
AURAMS (A Uniﬁed Regional Air-quality Modelling Sys-
tem) consists of three main components: (a) a prognostic
meteorological model, GEM (Global Environmental Multi-
scale model: Cˆ ot´ e et al., 1998); (b) an emissions process-
ing system, SMOKE (Sparse Matrix Operator Kernel Emis-
sions: Houyoux et al., 2000; CEP, 2003); and (c) an off-line
regional chemical transport model, the AURAMS Chemical
Transport Model (CTM: Gong et al., 2006).
The GEM meteorological model is an integrated weather
forecasting and data assimilation system that was designed
to meet Canada’s operational needs for both short- and
medium-range weather forecasts. For the 2002 simulation,
GEM version 3.2.0 with physics version 4.2 was run on the
variable-resolution global horizontal grid centred on North
America.
Files of gridded hourly emission ﬁelds (including ammo-
nia) for input by the AURAMS CTM were prepared using
version 2.2 of the SMOKE emissions processing system for
four major emissions streams: on-road mobile sources; area
and offroad-mobile sources, minor point sources; and ma-
jor point sources. Emitted (i.e., “primary”) PM from these
sources is speciated within the AURAMS CTM based on
composite speciation proﬁles for each emissions stream, but
ammonium is assumed to be emitted as primary PM.
The multi-pollutant, regional AURAMS CTM was devel-
oped as a tool to study the formation of ozone, PM, and
acid deposition in a single “uniﬁed” framework. The PM
size distribution in this study was represented using 12 size
bins ranging from 0.01 to 41µm in Stokes diameter and
nine chemical components: sulphate (p-SO4); nitrate (p-
NO3); ammonium (p-NH4); elemental carbon (EC); primary
organic matter (POM); secondary organic matter (SOM);
crustalmaterial(CM);seasalt; andparticle-boundwater. PM
is assumed to be internally mixed in each size bin. Process
representations in version 1.3.1b of the AURAMS CTM in-
clude emissions from surface and from elevated sources, hor-
izontal and vertical advection, vertical diffusion, gas-phase,
aqueous-phase, and inorganic heterogeneous chemistry, sec-
ondary organic particle formation, dry and wet deposition,
and particle nucleation, condensation, coagulation, sedimen-
tation, and activation (Gong et al., 2006). Up to 157 model
species (gases and speciated particle size bins) may be se-
lected as model output, although summary measures such as
PM2.5 bulk mass are compared to observations here.
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AURAMS inorganic particle components are reported as
the mass of sulphate, nitrate, and ammonium within each
particle bin size, but within the model, the inorganic het-
erogeneous chemistry module (Makar et al., 2003) performs
equilibrium calculations to determine the relative amounts of
mass of ammonium sulphate ((NH4)2SO4(s) ), ammonium
bisulphate (NH4HSO4(s)), letovicite ((NH4)3H(SO4)2(s)),
ammonium nitrate (NH4NO3 (s)), and the ammonium
(NH+
4 (aq)), sulphate (SO2−
4 (aq) ), bisulphate (HSO−
4 (aq)),
and nitrate ions (NO−
3 (aq)). The reported sulphate mass (p-
SO4) is thus the sum of sulphate mass from all particle com-
ponents containing sulphate, with similar sums for the nitrate
and ammonium mass.
The representation of dry deposition of ammonia gas
within AURAMS follows Zhang et al. (2002); deposition
is parameterized as a weighted combination of the deposi-
tion properties of ozone and SO2. Dry deposition of p-NH4
is a function of particle size (Zhang et al., 2001). It should
be noted that AURAMS does not include the possible “co-
deposition” of SO2(g) and NH3(g). Some researchers have
found evidence of enhanced deposition of both gases when
both are present at the same site (e.g., Neirynck et al., 2005;
Van Hove et al., 1989; Adema et al., 1986). Others have
found no effect (Erisman et al., 1994a, b), and Sutton et
al. (1994) found enhanced emissions of ammonia gas from
natural surfaces when ambient NH3 is present. More ob-
servational work on co-deposition is needed before param-
eterizations for this process may be reliably included in air-
quality models.
The time-invariant, vertically-varying chemical lateral
boundary conditions used in AURAMS CTM are taken from
a variety of sources. Latitudinally-dependent O3 bound-
ary conditions were taken from a monthly-varying climatol-
ogy (Logan, 1998). CO boundary conditions were derived
from vertical proﬁles in Wang et al. (1999), with a sim-
ple latitudinal dependence of concentration peaking at 45◦ N,
in rough accord with satellite observations. Speciated par-
ticulate boundary conditions (including p-NH4) were based
on data collected at an elevated site on Whistler Mountain
on the Canadian west coast (MacDonald et al, 2006), with
a similar simple latitude dependence assumed as for CO.
Seasonally-varying proﬁles of the concentrations of other re-
active gases (including NH3) were taken taken from a set
of “clean” chemical boundary conditions from simulations
of the ADOM regional acid-deposition model (Scire et al.,
1986; Fung et al., 1991).
2.2 Model domain, grid discretization, and simulation
period
The GEM horizontal grid consisted of 353×415 grid points
onarotatedlatitude-longitudemapprojectionwithgridspac-
ing of approximately 24km (0.22◦) on the 270×353 uniform
regional “core” grid. In the vertical 28 hybrid-coordinate lev-
els reached from the Earth’s surface to 10 hPa, with layer
Fig. 1. AURAMS CTM North American 150×106 42-km domain.
thickness increasing monotonically with height. A time step
of 450s was used.
The uniform horizontal grid used for the AURAMS CTM
was 150×106 in size and spanned the North American conti-
nent on a secant polar-stereographic projection true at 60◦ N,
with a horizontal grid spacing of 42km (see Fig. 1). Twenty-
eightterrain-followingverticallevelsstretchedtelescopically
from the Earth’s surface to 29km, with the ﬁrst three levels
at 0, 13.9, and 55m AGL. An advective time step of 900s
wasused, andAURAMS-predictedﬁeldswereoutputhourly.
Both GEM and the AURAMS CTM were run for the 13-
month period from 1 December 2001 to 31 December 2002,
where the ﬁrst month was treated as a spin-up period for the
AURAMS CTM. GEM was run from analyzed ﬁelds for 396
overlapping 30-hour segments starting 24h apart, where the
ﬁrstsixhoursofeachsegmentweretreatedasa“spin-up”pe-
riod and were discarded. The remaining 24h of consecutive
simulations were then “stitched” together to create a com-
plete set of meteorological ﬁelds with a 900s timestep for
inputtotheAURAMSCTM.TheCTMitselfwasruninthree
segments, withaone-monthspin-upforeachsegment, allow-
ing an entire year’s simulation to be run in parallel on mul-
tiple processors in order to reduce simulation “wall-clock”
time.
2.3 Description of emissions scenarios
The hourly gridded anthropogenic emissions ﬁles for all
of the emitted species required by AURAMS were gen-
erated using SMOKE v2.2 (http://www.smoke-model.org/
index.cfm) based on the 2002 Canadian (obtained from En-
vironment Canada), 2002 US (obtained from US EPA), and
1999 Mexican (obtained from US EPA) national criteria-
air-contaminant inventories. Biogenic emissions are calcu-
lated on-line in the AURAMS CTM using BEIS version 3.09
(Biogenic Emissions Inventory System;: CEP, 2003, and
http://www.epa.gov/AMD/biogen.html). Biogenicemissions
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Fig. 2. Ammonia emissions (kilotonnes) in each season. upper left: June-July-August; upper right: September-October-November; lower
left: December-January-February; lower right: March-April-May.
of ammonia are known to be very small compared to anthro-
pogenic sources (Denman et al., 2007), and are not included
in the current work. The following three 2002 annual emis-
sions scenarios were considered:
(1) Base Case: Canadian 2002 ammonia emissions from the
default national inventory were replaced with those result-
ing from a more detailed inventory constructed as part of the
National Agri-Environmental Standards Initiative (NAESI),
a multi-year study which included the collection of Canada-
speciﬁc emission factors and activity levels (Ayres et al.,
2009; Bittman et al., 2008). The scenario using these com-
bined emissions inventories will be referred to hereafter as
the “Base Case”. The spatial distribution of ammonia gas
emissions for the base case on a seasonal basis are shown in
Fig. 2. The 2002 Canadian and US agricultural source emis-
sions are presented by source type and month in Tables 1 and
2, respectively.
(2) 30% agricultural NH3 emissions reduction, Canada and
US: The base case’s agricultural emissions of NH3 (includ-
ing emissions from animal husbandry and from fertilizer ap-
plication) were reduced by a factor of 30% at all times and
locations in both countries.
(3) 50% Canadian beef cattle NH3 emissions reduction: A
50% reduction in Canadian emissions from this single sub-
sector was implemented in order to test model sensitivity to
sub-sector-speciﬁc inventory uncertainty estimates of a fac-
tor of two.
2.4 Metrics and diagnostic ﬁelds for scenario analysis
The key species of interest in this study are the model-
predicted values of gaseous ammonia, SO2, and nitric acid,
as well as the total PM2.5 mass and PM2.5 inorganic com-
position. Differences between base case and scenario (i.e.,
{base case value – scenario value}) for these species show
the impacts of the change in emissions of NH3, with posi-
tive values indicating decreases in the mass or concentration
arising from the reduction in NH3 emissions.
In order to explain the chemistry associated with the
base case, and the chemical reasons for the changes asso-
ciated with the emissions-reduction scenarios, four chemical
metrics based on the ambient air concentrations of several
species have been employed. The metrics and their interpre-
tation are given in Table 3.
A number of diagnostic deposition ﬁelds were also calcu-
lated to help quantify the impacts of changes in NH3 emis-
sions on atmospheric chemistry and deposition. The de-
riveddepositionﬁeldsincludethetotalamountofsulphurde-
posited per season (sum of wet deposition and dry deposition
of all species containing sulphur), the total amount of nitrate
deposited, the total amount of ammonium deposited, and
the total amount of nitrogen deposited. Subcomponents of
these diagnostics will also be occasionally referenced (e.g.,
the amount of wet-deposited sulphate+SO2 as a fraction of
the total sulphur deposition).
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Table 1. 2002 Canadian emissions of agricultural ammonia by source type (Ayres et al., 2009; Bittman et al., 2008), NAESI 2002 inventory
(metric tonnes).
Source Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Bulls 1.3 1.3 1.4 2.2 6.5 4.2 4.2 5.4 6.1 4.1 1.5 1.3
Calves under 1 year 350.7 347.6 364.5 709.5 2440.4 1477.2 1442.4 1808.2 2076.6 1347.2 407.3 350.7
Cows 1482.5 1469.4 1998.7 3738.0 6724.4 3857.9 4259.7 4186.0 5588.0 4123.8 2164.4 1482.5
Heifers 113.0 112.0 148.2 263.9 446.6 255.8 285.4 279.0 371.7 278.3 158.2 113.0
Broiler 301.8 316.7 325.6 1094.8 1456.1 600.2 791.7 828.4 1064.5 992.8 291.7 291.2
Lay Hen 369.1 366.7 380.0 1103.0 1460.5 670.6 789.6 894.5 1090.2 1106.9 408.2 360.1
Turkey 121.3 126.6 134.7 447.3 563.9 264.7 346.5 433.2 467.8 424.5 130.8 108.5
Boars 6.7 6.7 7.7 16.6 29.6 16.3 16.4 16.9 21.5 21.3 9.7 6.4
Growing pigs 2681.6 2657.8 2905.3 4928.1 9442.0 5492.6 5489.3 5406.1 7023.3 6899.5 3574.6 2776.0
Nursery pigs 521.6 517.0 584.0 1155.9 2825.9 1424.5 1429.8 1345.1 1913.5 1714.1 775.9 543.0
Sows 220.1 218.2 253.0 560.2 1059.9 543.2 558.5 574.7 783.1 788.2 348.7 226.6
Cows 1503.7 1490.4 1565.3 3678.9 14975.712151.310457.812162.715740.411334.61635.8 1503.7
Heifers 364.3 361.1 373.4 628.0 2038.0 1718.2 1561.9 1801.4 2203.1 1689.7 382.7 364.3
Bulls 244.5 242.3 250.0 392.4 1185.9 1017.8 946.7 1086.7 1320.4 1031.4 253.6 244.5
Calves under 1 year 480.0 475.7 513.3 1440.0 6266.3 5011.9 4259.2 4783.2 6360.3 4543.1 533.0 480.0
Steers 1054.6 1045.2 1074.3 1846.2 5006.7 4069.6 4066.6 4487.2 5252.7 4104.8 1132.4 1054.6
Fertilizer
Alfalfa 0.0 0.0 50.5 340.7 1023.2 178.4 96.5 140.1 59.3 63.5 24.3 0.0
Barley 0.0 0.0 42.5 1096.0 13047.0681.3 54.6 0.0 58.8 1451.6 41.0 0.0
Beans 0.0 0.0 2.7 22.2 58.4 15.6 3.5 0.0 0.4 0.4 0.0 0.0
Buckwheat 0.0 0.0 0.3 3.0 14.3 2.1 0.4 0.0 0.1 0.9 0.0 0.0
Canary Seed 0.0 0.0 0.0 21.7 348.8 12.7 0.0 0.0 1.2 41.5 1.2 0.0
Canola 0.0 0.0 6.2 821.4 12672.9485.4 7.9 0.0 58.6 1496.3 42.2 0.0
Carrot 0.0 0.0 2.0 16.9 44.7 11.9 2.6 0.0 0.3 0.3 0.0 0.0
Chickpea 0.0 0.0 0.0 24.2 394.2 14.1 0.0 0.0 0.5 47.0 1.3 0.0
Corn (grain) 0.0 0.0 389.2 3214.0 8412.2 2258.5 500.3 0.0 58.2 46.3 1.3 0.0
Corn with ensilage 0.0 0.0 56.0 470.5 1339.1 329.7 72.0 0.0 8.9 22.0 0.6 0.0
Dry ﬁeld crop peas 0.0 0.0 0.1 80.3 1297.5 47.0 0.1 0.0 5.5 154.5 4.4 0.0
Flaxseed 0.0 0.0 0.1 102.7 1662.0 60.0 0.1 0.0 7.4 198.0 5.6 0.0
Forage 0.0 0.0 4.4 559.3 891.2 134.1 8.4 141.0 59.0 87.5 61.5 0.0
Green Peas 0.0 0.0 2.9 23.7 62.3 16.6 3.7 0.0 0.4 0.4 0.0 0.0
Pasture cultivated or sown 0.0 0.0 30.3 1101.9 1973.8 308.1 57.9 266.3 121.5 177.1 115.2 0.0
Lentil 0.0 0.0 0.0 33.7 548.8 19.7 0.0 0.0 1.7 65.5 1.8 0.0
Mustard Seed 0.0 0.0 0.0 46.6 758.8 27.2 0.0 0.0 2.5 90.5 2.6 0.0
Mixed Grains 0.0 0.0 14.8 144.2 679.2 98.7 19.0 0.0 3.8 44.6 1.3 0.0
Oats 0.0 0.0 19.9 473.3 5850.2 402.4 52.4 7.1 26.7 653.7 18.4 0.0
Other Dry Beans 0.0 0.0 2.7 29.8 181.2 20.1 3.5 0.0 1.0 15.0 0.4 0.0
Other Vegetables 0.0 0.0 7.5 62.4 165.4 43.8 9.7 0.0 1.1 1.2 0.0 0.0
Other Hay and Fodder 0.0 0.0 201.0 1179.7 3804.1 670.1 383.8 530.7 220.3 225.2 76.9 0.0
Potatoes 0.0 0.0 36.6 325.0 1165.8 225.6 47.0 0.0 6.9 49.1 1.4 0.0
Fall Rye 0.0 0.0 2.6 25.6 125.5 17.9 3.4 0.0 0.6 8.6 0.2 0.0
Spring Rye 0.0 0.0 0.0 1.0 15.7 0.6 0.0 0.0 0.0 1.9 0.1 0.0
Soybeans 0.0 0.0 45.4 373.4 962.0 262.5 58.3 0.0 6.7 3.2 0.1 0.0
Sugar Beets 0.0 0.0 0.0 1.6 26.4 0.9 0.0 0.0 0.0 3.2 0.1 0.0
Sunﬂowers 0.0 0.0 0.1 20.1 322.0 11.8 0.1 0.0 1.5 38.3 1.1 0.0
Sweet Corn 0.0 0.0 7.3 60.9 163.1 42.8 9.4 0.0 1.1 1.4 0.0 0.0
Tobacco 0.0 0.0 1.9 15.5 38.9 10.9 2.4 0.0 0.3 0.0 0.0 0.0
Tomato 0.0 0.0 2.6 21.0 53.2 14.8 3.3 0.0 0.4 0.1 0.0 0.0
Triticale 0.0 0.0 0.0 6.2 100.3 3.6 0.0 0.0 0.2 12.0 0.3 0.0
Natural Pastures 0.0 0.0 10.0 1100.6 1767.3 266.6 19.0 207.4 106.2 172.6 120.7 0.0
White beans 0.0 0.0 2.7 31.8 208.4 21.3 3.5 0.0 1.1 18.1 0.5 0.0
Durham Wheat 0.0 0.0 0.0 315.4 5130.2 184.0 0.0 0.0 10.9 611.8 17.3 0.0
Spring Wheat 0.0 0.0 21.2 1418.5 20987.8932.5 48.5 5.6 88.8 2454.5 69.2 0.0
Winter Wheat 0.0 0.0 59.8 519.3 1710.3 361.8 76.8 0.0 8.7 57.0 1.6 0.0
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Table 2. 2002 USA agricultural emissions of ammonia by source type, metric tonnes (US EPA).
Source Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Field burning, all crops 347.5 599.2 559.1 114.7 256.2 191.5 28.0 34.8 36.4 60.7 120.2 155.1
Field burning, unspec. Crop 8.8 8.8 12.2 12.2 12.2 14.2 14.2 14.2 15.6 15.6 15.6 8.8
Field burning, Alfalfa headﬁre 5.1 5.1 7.1 7.1 7.1 8.2 8.2 8.2 9.0 9.0 9.0 5.1
Field burning, Alfalfa backﬁre 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.2
Field burning,Barley 0.1 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.2 0.2 0.2 0.1
Field burning, Red Bean 7.4 7.4 10.2 10.2 10.2 11.8 11.8 11.8 13.0 13.0 13.0 7.4
Field burning, corn 27.0 27.0 37.2 37.2 37.2 43.2 43.2 43.2 47.4 47.4 47.4 27.0
Field burning, Grasses 628.1 628.1 866.3 866.3 866.3 1007.1 1007.1 1007.1 1104.6 1104.6 1104.6 628.1
Field burning, wild hay headﬁre 27.8 27.8 38.3 38.3 38.3 44.5 44.5 44.5 48.8 48.8 48.8 27.8
Field burning, wild hay backﬁre 2.0 2.0 2.8 2.8 2.8 3.2 3.2 3.2 3.5 3.5 3.5 2.0
Field burning, Oats headﬁre 0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.4 0.4 0.4 0.2
Field burning, Oats backﬁre 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.0
Field burning, Pea Headﬁre 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0
Field burning, Rice 8.0 8.0 11.0 11.0 11.0 12.8 12.8 12.8 14.0 14.0 14.0 8.0
Field burning, Sorghum 1.6 1.6 2.2 2.2 2.2 2.6 2.6 2.6 2.8 2.8 2.8 1.6
Field burning, Sugar Cane 100.1 100.1 138.1 138.1 138.1 160.5 160.5 160.5 176.1 176.1 176.1 100.1
Field burning, Wheat Headﬁre 246.8 246.8 340.4 340.4 340.4 395.7 395.7 395.7 434.0 434.0 434.0 246.8
Field burning, Wheat Backﬁre 17.1 17.1 23.6 23.6 23.6 27.4 27.4 27.4 30.0 30.0 30.0 17.1
Agricultural propaning, all crop types 0.2 0.2 0.3 0.3 0.3 0.4 0.4 0.4 0.4 0.4 0.4 0.2
Agricultural stack burning, all crop types 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fertilizer: Anhydrous Ammonia 2274.3 4427.9 22246.025535.022590.222185.76127.4 7961.7 14472.37347.9 6191.3 4076.7
Fertilizer: Aqueous Ammonia 38.2 74.4 374.0 429.3 379.8 373.0 103.0 133.8 243.3 123.5 104.1 68.5
Fertilizer: Nitrogen solutions 4040.7 7867.0 39524.345367.840135.739417.110886.514145.525712.813055.011000.07243.0
Fertilizer: Urea 7325.1 14261.771651.182244.572759.671456.919735.525643.646613.223666.619941.213130.3
Fertilizer: Ammonium Nitrate 213.4 415.4 2087.0 2395.6 2119.3 2081.4 574.9 746.9 1357.7 689.4 580.8 382.5
Fertilizer: Ammonium Sulfate 392.2 763.6 3836.3 4403.5 3895.6 3825.9 1056.7 1373.0 2495.7 1267.1 1067.7 703.0
Fertilizer: Ammonium Thiosulfate 14.9 29.1 146.0 167.6 148.3 145.6 40.2 52.3 95.0 48.2 40.6 26.8
Fertilizer: Other Straight Nitrogen 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fertilizer: Ammonium Phosphates 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fertilizer: NPK multigrade fertilizer 657.7 1280.6 6433.7 7384.9 6533.2 6416.3 1772.1 2302.6 4185.5 2125.1 1790.6 1179.0
Fertilizer: Calcium ammonium nitrate 16.0 31.2 156.7 179.9 159.2 156.3 43.2 56.1 102.0 51.8 43.6 28.7
Fertilizer: Potassium nitrate 3.2 6.3 31.7 36.4 32.2 31.6 8.7 11.3 20.6 10.5 8.8 5.8
Fertilizer: Diammonium Phosphate 536.4 1044.4 5247.1 6022.8 5328.2 5232.8 1445.2 1877.9 3413.5 1733.1 1460.3 961.5
Fertilizer: Monoammonium Phosphate 183.0 356.4 1790.4 2055.0 1818.0 1785.5 493.1 640.8 1164.7 591.4 498.3 328.1
Fertilizer: Liquid Ammonium Polyphosphate 119.3 232.2 1166.6 1339.1 1184.7 1163.4 321.3 417.5 758.9 385.3 324.7 213.8
Fertilizer: Miscellaneous 388.4 756.1 3798.9 4360.5 3857.7 3788.6 1046.4 1359.6 2471.4 1254.8 1057.3 696.2
Agriculture: Livestock 3077.3 5093.5 4365.9 8117.8 7443.2 10459.914681.79656.4 7329.5 5859.0 5859.0 1349.2
Beef Cattle: feedlot, conﬁnement 4127.5 7495.3 6279.8 12547.011293.516332.623384.714990.511230.28774.0 8774.0 1240.8
Beef Cattle: Feedlot, manure handling and storage 1.6 2.9 2.5 4.9 4.4 6.4 9.2 5.9 4.4 3.4 3.4 0.5
Beef Cattle: feedlot, land application of manure 3403.6 6180.8 5178.5 10346.69313.0 13468.319283.712361.69260.8 7235.3 7235.3 1023.2
Beef Cattle: Other 21.6 39.2 32.8 65.6 59.0 85.4 122.2 78.4 58.7 45.9 45.9 6.5
Beef Cattle: pasture, conﬁnement 7972.8 14478.212130.424236.321815.131548.745171.028956.421692.816948.316948.32396.7
Poultry: dry manure management, conﬁnement 3190.1 5793.1 4853.7 9697.6 8728.8 12623.518074.111586.28679.9 6781.5 6781.5 959.0
Poultry: dry manure management, land application of manure 73.8 134.0 112.3 224.3 201.9 292.0 418.1 268.0 200.8 156.9 156.9 22.2
Poultry: wet manure management, conﬁnement 177.5 322.4 270.1 539.7 485.8 702.6 1005.9 644.8 483.1 377.4 377.4 53.4
Poultry: wet manure management, manure handling and storage 481.7 874.8 732.9 1464.4 1318.1 1906.2 2729.3 1749.6 1310.7 1024.0 1024.0 144.8
Poultry: wet manure management, land application of manure 81.0 147.1 123.2 246.2 221.6 320.5 458.9 294.1 220.4 172.2 172.2 24.3
Poultry: broilers, conﬁnement 4249.8 7717.4 6465.9 12918.811628.216816.524077.615434.711563.0 9034.0 9034.0 1277.5
Poultry: broilers, manure handling and storage 771.5 1401.0 1173.8 2345.2 2110.9 3052.8 4371.0 2802.0 2099.1 1640.0 1640.0 231.9
Poultry: broilers, land application of manure 3473.2 6307.1 5284.3 10558.09503.3 13743.519677.812614.29450.0 7383.2 7383.2 1044.1
Poultry: turkeys, conﬁnement 728.3 728.3 1607.3 1732.9 1883.5 3842.4 4344.7 4344.7 2034.2 1883.5 1079.9 879.0
Poultry: turkeys, manure handling and storage 131.0 131.0 289.1 311.7 338.8 691.2 781.5 781.5 365.9 338.8 194.3 158.1
Poultry: turkeys, land application of manure 655.5 655.5 1446.7 1559.7 1695.4 3458.5 3910.6 3910.6 1831.0 1695.4 972.0 791.2
Dairy cattle composite 735.4 735.4 1623.1 1749.9 1902.0 3880.1 4387.3 4387.3 2054.2 1902.0 1090.5 887.6
Dairy cattle ﬂush dairy, conﬁnement 447.4 447.4 987.4 1064.6 1157.1 2360.5 2669.1 2669.1 1249.7 1157.1 663.4 540.0
Dairy cattle ﬂush dairy, manure handling and storage 1247.6 1247.6 2753.4 2968.5 3226.6 6582.3 7442.8 7442.8 3484.8 3226.6 1849.9 1505.8
Dairy cattle ﬂush dairy, land application of manure 112.6 112.6 248.6 268.0 291.3 594.3 672.0 672.0 314.6 291.3 167.0 136.0
Cattle and calves: milk cows 380.6 691.2 579.1 1157.0 1041.4 1506.1 2156.4 1382.3 1035.6 809.1 809.1 114.4
Cattle and calves: beef cows 1003.5 1822.3 1526.8 3050.4 2745.7 3970.8 5685.3 3644.5 2730.3 2133.2 2133.2 301.7
Cattle and calves: heifer and heifer calves 802.0 1456.4 1220.2 2438.0 2194.5 3173.6 4543.9 2912.8 2182.2 1704.9 1704.9 241.1
Cattle and calves: steers, bulls and steer/bull calves 922.3 1674.8 1403.2 2803.6 2523.5 3649.4 5225.2 3349.6 2509.3 1960.5 1960.5 277.2
Dairy cattle scrape dairy, conﬁnement 1084.3 1084.3 2392.9 2579.9 2804.2 5720.6 6468.4 6468.4 3028.5 2804.2 1607.7 1308.6
Dairy cattle scrape dairy, manure handling and storage 1753.2 1753.2 3869.1 4171.3 4534.1 9249.5 10458.610458.64896.8 4534.1 2599.5 2115.9
Dairy cattle scrape dairy, land application of manure 2064.1 2064.1 4555.3 4911.2 5338.3 10890.112313.612313.65765.3 5338.3 3060.6 2491.2
Dairy cattle, deep pit dairy, conﬁnement 127.4 127.4 281.1 303.0 329.4 672.0 759.8 759.8 355.7 329.4 188.8 153.7
Dairy cattle, deep pit dairy, manure handling and storage 5.9 5.9 13.1 14.1 15.4 31.3 35.4 35.4 16.6 15.4 8.8 7.2
Dairy cattle, deep pit dairy, land application of manure 72.4 72.4 159.8 172.3 187.3 382.1 432.1 432.1 202.3 187.3 107.4 87.4
Dairy cattle drylot/pasture dairy, conﬁnement 1011.7 1011.7 2232.8 2407.2 2616.5 5337.7 6035.5 6035.5 2825.9 2616.5 1500.1 1221.0
Dairy cattle drylot/pasture dairy, manure handling and storage 21.0 21.0 46.4 50.0 54.4 110.9 125.4 125.4 58.7 54.4 31.2 25.4
Dairy cattle drylot/pasture dairy, land application of manure 1261.9 1261.9 2784.8 3002.4 3263.5 6657.4 7527.7 7527.7 3524.5 3263.5 1871.0 1522.9
Swin production composite 1943.5 3529.3 2957.0 5907.9 5317.7 7690.5 11011.17058.5 5287.9 4131.4 4131.4 584.2
Poultry waste emissions, other 1229.7 2233.0 1870.9 3738.0 3364.6 4865.8 6966.8 4466.0 3345.7 2614.0 2614.0 369.7
Poultry waste emissions, pullet and chicks <13 weeks 21.2 38.5 32.2 64.4 57.9 83.8 120.0 76.9 57.6 45.0 45.0 6.4
Poultry waste emissions, pullet and chicks >=13 weeks 15.5 28.1 23.6 47.1 42.4 61.3 87.8 56.3 42.1 32.9 32.9 4.7
Poultry waste emissions, Layers 101.2 183.8 154.0 307.7 276.9 400.5 573.5 367.6 275.4 215.2 215.2 30.4
Poultry waste emissions, Broilers 48.6 88.3 74.0 147.8 133.1 192.4 275.5 176.6 132.3 103.4 103.4 14.6
Poultry waste emissions, Ducks 85.4 155.1 129.9 259.6 233.6 337.9 483.8 310.1 232.3 181.5 181.5 25.7
Poultry waste emissions, Geese 4.9 8.9 7.5 14.9 13.4 19.4 27.8 17.8 13.4 10.4 10.4 1.5
Poultry waste emissions, Turkeys 340.9 619.1 518.7 1036.3 932.8 1349.0 1931.5 1238.2 927.6 724.7 724.7 102.5
Horses and Ponies waste emissions 1345.5 2443.3 2047.1 4090.1 3681.5 5324.1 7622.9 4886.6 3660.8 2860.2 2860.2 404.5
Swine production, lagoons, conﬁnement 1901.4 3452.8 2892.9 5779.9 5202.5 7523.8 10772.56905.6 5173.4 4041.9 4041.9 571.6
Swine production, lagoons, manure handling and storage 3734.2 6781.1 5681.5 11351.510217.514776.521156.713562.310160.37938.1 7938.1 1122.6
Swine production, lagoons, land application of manure 308.7 560.6 469.7 938.4 844.6 1221.5 1748.9 1121.1 839.9 656.2 656.2 92.8
Sheep and lambs waste emissions 553.8 1005.7 842.6 1683.5 1515.3 2191.4 3137.6 2011.4 1506.8 1177.3 1177.3 166.5
Goats waste emissions, other 481.7 874.7 732.8 1464.2 1317.9 1906.0 2728.9 1749.3 1310.5 1023.9 1023.9 144.8
Goats waste emissions, Angora 0.2 0.3 0.3 0.5 0.5 0.7 1.0 0.6 0.5 0.4 0.4 0.1
Goats waste emissions, Milk 0.2 0.4 0.3 0.6 0.5 0.8 1.1 0.7 0.5 0.4 0.4 0.1
Swine production, deep-pit, conﬁnement 2605.3 4731.2 3964.0 7919.9 7128.7 10309.514760.99462.3 7088.8 5538.3 5538.3 783.2
Swine production, deep-pit, land application of manure 1153.4 2094.6 1754.9 3506.3 3156.0 4564.2 6534.9 4189.1 3138.3 2451.9 2451.9 346.7
Swine production, outdoor, Conﬁnement 20.2 36.8 30.8 61.5 55.4 80.1 114.7 73.5 55.1 43.0 43.0 6.1
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Table 3. Metrics for chemical evaluation of model responses to NH3 emission changes.
Metric Formula Signiﬁcance
Particle Neutralization Ratio (p-NH4)
2(p-SO4)+(p-NO3) Ratio of total ammonium charge to the net sulphate and
nitrate charge (each particle species variable is the sum
over all particle sizes). Values of 1 indicate that the parti-
clesareNH3-saturated, sothatsigniﬁcantNH3 reductions
may be required to reduce particulate mass. Regions with
values less than unity are more NH3- limited; smaller re-
ductions in NH3 may result in signiﬁcant reductions in
particulate mass.
Total ammonia to sulphate
mole ratio
(NH3(g))+(p-NH4)
(p-SO4) Mole ratio of ammonia gas + particle ammonia to parti-
cle sulphate. This deﬁnes the chemical regime: values
less than unity denote acidic conditions (e.g., ammonium
bisulphate, sulphuric acid present in the particles); values
between 1.0 and 2.0 denote intermediate acidity (ammo-
nium bisulphate, letovicite, ammonium sulphate present),
and values greater than 2 indicate less acidic particles
(ammonium sulphate, ammonium nitrate may be present
in the particles). Note that a decrease in the value of the
ratio does not necessarily imply a signiﬁcant change in
the particle composition, if the initial and ﬁnal values of
the ratio are both high.
Gas-phase ammonia mass
fraction
(NH3)
(PM2.5-NH4)+(NH3) Relative mass of NH3 in the gas phase to total ammo-
nia+ammonium mass. Changes in this parameter indi-
cate a change in the mass partitioning of ambient NH3 in
response to changes in NH3 emissions.
PM2.5 Ammonium+Nitrate
to total PM2.5 mass ratio
(PM2.5-NH4)+(PM2.5-NO3)
(PM2.5) Fraction of ﬁne particle mass that is directly ammonia-
sensitive. A diagnostic of the direct impact of emissions
reductions.
Another important set of diagnostic outputs calculated for
the AURAMS analysis were exceedances of annual critical
loads in Canada. The “critical load” of an ecosystem refers
to its ability to buffer acidifying precipitation. The under-
lying concept is that an ecosystem will have the ability to
absorb a certain amount of acidifying sulphur and nitrogen
compounds, including NH3 and p-NH4, without damage to
the ecosystem itself. If the rate of deposition of these com-
pounds exceeds the rate at which the ecosystem can naturally
absorb the compounds, however, ecosystem damage begins
to occur. The maximum amount of acidifying mass that an
ecosystem can absorb per unit area in a year is known as its
annual critical load, and any additional deposited mass that
exceeds that amount is known as an annual critical load ex-
ceedance (e.g., Jeffries et al., 1999; Hall et al., 2001; Jeffries
and Ouimet, 2005; McNulty et al., 2007). Critical-load val-
ues depend on local bedrock type, soil type and thickness,
and other factors.
Sulphur deposition is essentially entirely acidifying, but
nitrogen has a large biological activity, and may be stored in
various catchment compartments within an ecosystem (Jef-
fries and Ouimet, 2005). Eventually, though, an ecosys-
tem may reach a steady state with regard to nitrogen de-
position (termed “nitrogen saturation”), after which all fur-
ther nitrogen deposition is acidifying. Sulphur critical-
load exceedance thus describes conditions where immedi-
ate ecosystem damage will occur, whereas sulphur+nitrogen
critical-load exceedance describes conditions where ecosys-
tem damage will once the ecosystem’s ability to absorb ni-
trogen is overwhelmed. Critical-load exceedances for sul-
phur+nitrogen thus describe a worst-case scenario, in which
all of the deposited nitrogen is assumed to be acidifying.
At the current time, Canadian ecosystems are not nitrogen-
saturated (Jeffries and Ouimet, 2005); exceedances of sul-
phur+nitrogen critical loads thus indicate the potential for
future ecosystem damage, as opposed to current ecosystem
damage.
3 Model performance evaluation for the base case
The statistics used here for evaluation of the base case for the
AURAMS simulations were used previously as part of an ex-
tensive AURAMS performance evaluation against measure-
ments for the 2002 calendar year (Moran et al., 2007, 2008).
The statistical measures used for the comparison are shown
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Table 4. Statistical measures of model performance. N is the number of paired observed-model values, O is the mean observed value, M is
the mean model value.
Statistical
Measure
Description Formula
R Pearson Correlation Coefﬁcient R =
N
N P
i=1
(Oi·Mi)−
N P
i=1
(Mi)
N P
i=1
(Oi)
s
N
N P
i=1
(Mi·Mi)−
N P
i=1
(Mi)·
N P
i=1
(Mi)
s
N
N P
i=1
(Oi·Oi)−
N P
i=1
(Oi)·
N P
i=1
(Oi)
b Slope of observations vs. model best-ﬁt line b=
N P
i=1
 
Oi−O
 
Mi−M

N P
i=1
h 
Oi−O
2i
a Intercept of observations vs. model best-ﬁt line a =M − b · O
MB Mean bias MB= 1
N
N P
i=1
(Mi − Oi)
RMSE Root Mean Square Error RMSE=
s
1
N
N P
i=1
(Mi − Oi)2
NMB Normalized Mean Bias NMB=
N P
i=1
(Mi−Oi)
N P
i=1
Oi
×100
NME Normalized Mean Error NME=
N P
i=1
|Mi−Oi|
N P
i=1
Oi
×100
in Table 4. Measurements from 15 different Canadian and
US air-chemistry and precipitation-chemistry networks and
subnetworks were used to evaluate the base-case ﬁelds.
A number of steps were followed in preparing the mea-
surements for comparison with model predictions. For ex-
ample, units reported by individual networks were adjusted
as required to a common set of units (e.g., concentrations at
ambient conditions to concentrations at STP). Data records
from individual stations were screened for temporal com-
pleteness, and if they passed, then measurements were com-
bined to create seasonal and annual values for the station.
In locations where more than one station was located in
an AURAMS CTM grid cell, the measurements were aver-
aged. Even so, measurements from multiple air-chemistry
networks are quite heterogeneous, since individual networks
have different goals and objectives, choose different types of
sampling locations, employ different sampling instruments,
techniques, and protocols, and measure different species
(e.g., Eder and Yu, 2006). For example, individual networks
have very different sampling periods, ranging from hourly
to weekly, and sampling intervals that vary from hourly, to
1 day in 6, to weekly. Combining measurements from dif-
ferent network does provide the beneﬁts of increased sample
size, spatial coverage, and spatial density, but the price paid
is greater variability within the combined measurement data
set.
The resulting annual statistics for ambient concentrations
of the key species related to pNH4 formation and removal,
with the exception of NH3, for which routine measurements
are not available, are shown in Table 5, and those relating to
wet deposition are shown in Table 6.
These comparisons to observations show that, on an an-
nual basis, AURAMS under-predicted the 2002 base-case
PM2.5 bulk mass by 31%, the PM2.5 inorganic species con-
centrations by 18% to 19%, the concentration of inorganic
ions in precipitation by 11% to 33%, and the wet deposition
of inorganic ions by 6% to 24% (negative normalized mean
biases). The implication of the comparison is that the model
estimates for the base case for the PM2.5 components and
precipitation species are likely to be lower than the ambient
atmosphere, and hence the model-predicted critical-load ex-
ceedances, described below, are likely to be underestimates.
The impact of the model bias on the scenarios is harder to
quantify. The usual assumption that is made is that the bias
will be linear, so that the scenarios will have the same nor-
malized biases as the base case. The absence of coarse-mode
cation chemistry in AURAMS may increase the sensitivity of
the model in weakly ammonia-limited environments towards
changes in ammonia emissions. The impacts of ammonia
emission reductions on the real atmosphere are therefore ex-
pected to be similar in sign as simulated here but may vary
in the absolute sense.
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Table 5. Annual statistics for selected AURAMS gas- and particle-phase species. Statistical metrics are deﬁned in Table 4.
Statistic SO2 HNO3 PM2.5 PM2.5-SO4 PM2.5-NO3 PM2.5-NH4
(ppbv) (ppbv) (µgm−3, STP) (µgm−3, STP) (µgm−3, STP) (µgm−3, STP)
Networks a, d, e, g d, e a, b, c, f, g, h c, f, h c, f, h c, h
N 451 86 845 265 254 141
O 3.32 0.53 11.33 2.77 1.28 1.53
M 3.55 0.66 7.87 2.26 1.05 1.25
a 1.01 0.08 −0.74 −0.64 0.12 0.23
b 0.77 1.10 0.76 1.04 0.73 0.66
R 0.56 0.81 0.65 0.92 0.77 0.76
MB 0.23 0.13 −3.46 −0.51 −0.23 −0.29
RMSE 2.88 0.28 5.00 0.95 1.01 0.54
NMB (%) 7.0 25.2 −30.5 −18.5 −17.9 −18.7
NME (%) 51.7 38.3 36.8 27.3 43.5 27.2
Networks: a: AQS-continuous, b: AQS-ﬁlter; c: AQS-STN; d: CAPMoN, e: CASTNet, f: IMPROVE, g: NAPS-continuous, h: NAPS-ﬁlter
Table 6. Annual statistics for several AURAMS wet deposited species. Measurements were obtained from ﬁve Canadian precipitation-
chemistry networks (CAPMoN, BCPCSN, NBPMN, PQMPA, REPQ) and one US network (NADP).
Statistic SO2−
4 conc. NO−
3 conc. NH+
4 conc. SO2−
4 wet dep. NO−
3 wet dep. NH+
4 wet dep.
in precip. (mg SO4/L) in precip.(mg NO3/L) in precip. (mg NH4/L) (kg SO4/ha/y) (kg NO3/ha/y) (kg NH4/ha/y)
N 277 270 271 277 270 271
O 1.08 1.11 0.31 10.1 9.39 2.39
M 0.96 0.94 0.21 9.54 8.30 1.81
a −0.03 0.202 0.021 0.449 1.46 0.11
b 0.91 0.67 0.60 0.90 0.73 0.71
R 0.81 0.61 0.76 0.84 0.71 0.78
MB −0.12 −0.17 −0.10 −0.58 −1.09 −0.58
RMSE 0.37 0.50 0.16 3.94 4.24 1.07
NMB (%) −11.4 −15.0 −33.1 −5.8 −11.6 −24.1
NME (%) 24.8 33.4 36.2 28.3 33.7 33.9
4 Scenario analysis
4.1 Analysis of the base case
One means of identifying strongly NH3-limited environ-
ments is to calculate the total (ammonia+ammonium) to sul-
phate mole ratio (cf. Table 3). Seasonal ﬁelds of this metric
for the 2002 base case are shown in Fig. 3. Yellow to red
areas in this ﬁgure have a large excess of NH3 and are not
strongly NH3-limited: signiﬁcant reductions in NH3 emis-
sions would be required to reach strongly NH3-limited con-
ditions. These areas tend to correspond to areas of high NH3
emissions (cf. Fig. 2). Green to blue regions, on the other
hand, are strongly NH3-limited, with more acidic conditions.
Reductions in NH3 emissions in these areas would have an
immediate impact on ambient PM2.5 levels, whereas reduc-
tions in other, weakly NH3-limited regions will depend on
the other ions in equation (2b). Pronounced seasonal and lo-
cal variations can also be seen; summer and winter have the
largest spatial extent of strongly NH3-limited regions. These
seasonal variations are due to (1) seasonal variations in the
ammonia emissions (cf. Fig. 2, which shows the lowest am-
monia emissions occurring in the winter, the highest in the
spring, summer and fall), and (2) increased levels of sulphate
production in the summer, due to higher oxidation of SO2
to sulphate in the gas and aqueous phases. The low win-
ter ammonia emissions helps reduce the ratio in the winter;
high summer sulphate production helps reduce the ratio in
the summer.
One implication of the above analysis is that the regions
that may beneﬁt from NH3 reductions will not necessarily be
the regions that have the highest NH3 emissions. For exam-
ple, the region of highest total ammonia to sulphate mole
ratio in Fig. 3 is centered on the US states of Minnesota,
South Dakota, Nebraska, and Iowa – this also corresponds to
the region of greatest NH3 emissions. Reductions in NH3 in
this region are unlikely to signiﬁcantly impact PM concentra-
tions, due to the locally NH3-saturated chemistry. However,
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Fig. 3. Seasonal average total NH3 to sulphate mole ratio for base-case simulation: summer – upper left; fall – upper right; winter – lower
left; spring – lower right.
further to the east and downwind from this source region
are the strongly NH3-limited regions of the Great Lakes, the
Ohio River Valley, and the Appalachian mountains. Depend-
ing on the extent to which NH3 is transported, PM reduc-
tions may also occur in these downwind regions,. The impact
of NH3 reductions will therefore be a combination of local
chemistry and transport from higher-emission NH3-saturated
regions to lower-emission strongly NH3-limited regions.
4.2 Analysis of continental agricultural NH3 emission
reduction scenario
In this scenario, NH3 emissions from agricultural sources
were decreased uniformly by 30% in both Canada and the
United States. In the following ﬁgures, the difference be-
tweenbase-caseandscenarioconcentrationﬁeldswillbedis-
played [(base case) – (scenario)], and the same difference
formats will be used for the metrics. Positive values in the
difference plots thus indicate decreases in the scenario con-
centrations relative to the base case; negative values indicate
increases in the scenario concentrations relative to the base
case. It is also important to note that seasonal average dif-
ferences are being displayed unless noted otherwise; within
each season, shorter duration events will occur with larger
(and smaller) impacts than those depicted here.
4.2.1 NH3 concentrations
The greatest decreases in seasonal NH3 concentrations
(Fig. 4) are closely matched with the locations of the main
NH3 emissions regions (Fig. 2). The effect of reductions in
NH3 emissions on NH3 gas concentrations is therefore pri-
marily local; most of the NH3 is removed close to the source,
either through deposition or gas-to-particle partitioning.
The inﬂuence of seasonal variations in the NH3 emissions
can also be seen in Fig. 4. Agricultural emissions in North
America are highest in the spring and lowest in the winter
(e.g., Gilliland et al., 2006; see also Tables 1 and 2). As a
consequence, the predicted change in concentration of NH3
gas in the winter is lower than in the other seasons. For ex-
ample, the decrease in ammonia concentrations in the high
emissions region of southern Minnesota in the summer is on
the order of 2.5 ppbv, while the wintertime value in the same
region is on the order of 0.5 ppbv.
4.2.2 M2.5 concentrations
The impact of the NH3 emissions reductions on average sea-
sonal PM2.5 mass is shown in Fig. 5. Seasonally-averaged
PM2.5 changes resulting from a 30% reduction in NH3
emissions range from an increase of 0.07 to a decrease of
3.99µgm−3. The greatest overall reductions in mass occur
in spring and summer, and occur in speciﬁc regions. The
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Fig. 4. Seasonal average change in NH3 concentration, ppbv, associated with a 30% reduction in agricultural NH3 emissions. Panels arranged
as in Fig. 2.
largest of these regions is centered over the Ohio River valley
and southern Ontario; most of the eastern US and southern
Ontario and Quebec experience reductions in PM2.5. An-
other region with reductions greater than 1µg/m−3 occurs
in the US eastern seaboard corridor. Signiﬁcantly, these re-
gions do not coincide with the regions of largest NH3 emis-
sion reductions (cf. Fig. 4). The San Joaquin valley of cen-
tral California also shows seasonal average PM2.5 reductions
greater than 0.5µgm−3 and locally as large as 2µgm−3.
The Vancouver to Seattle region close to the western border
of the model domain has PM2.5 reductions up to 1.5µgm−3
in the summer; this effect is highly seasonal however, with
a reduction of only 0.25µgm−3 in the winter and inter-
mediate reductions in the transition seasons. The Alberta-
Saskatchewan area of western Canada has smaller reductions
in PM2.5, on the order of 0.25 to 0.5µg/m−3, with the great-
est reductions in the spring and fall.
The seasonal change in PM2.5 ammonium, sulphate and
nitrate mass resulting from the reduction in ammonia emis-
sions is shown in Figs. 6, 7 and 8, respectively. Of the
three inorganic components, particle nitrate accounts for the
largest fraction of the total change in particle mass, fol-
lowed by ammonium, then sulphate (note that the scales
change between the ﬁgures). Individual particulate species
show a stronger seasonal variation than does the total parti-
cle mass: the greatest reductions in ammonium and nitrate
mass (Figs. 6, 8) occur in spring, summer and fall, while the
greatest reductions in sulphate mass (Fig. 7) occur in fall,
winter and spring. Particle sulphate is predicted to increase
slightly in the summer (Fig. 7, upper left panel, blue region)
in much of eastern North America following the reduction
in ammonia gas emissions. This increase in sulphate, how-
ever, is more than compensated by the decreases in ammo-
nium and nitrate, with the net result that the total PM2.5 mass
in the summer decreases in the same region (Fig. 5, upper
left panel). The spatial distribution of the mass reductions
also varies between the species: ammonium and nitrate re-
ductions occur largely in regions downwind of the main am-
monia emitting areas (compare to Fig. 2), whereas particle
sulphate reductions (in the colder three seasons of the year)
are coincident with the ammonia emitting regions.
Our interpretation of these results is as follows:
(1)MostofthereductioninPM2.5 massisduetodecreases
in ammonium and nitrate mass.
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Fig. 5. Seasonal average change in PM2.5 mass,µgm−3, associated with a 30% reduction in agricultural NH3 emissions. Reductions in
PM2.5 are shown as positive values. Panels arranged as in Fig. 2.
Fig. 6. Same as for Figure 5, but for the p-NH4 component of PM2.5.
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Fig. 7. Same as for Fig. 5, but for the p-SO4 component of PM2.5.
Fig. 8. Same as for Fig. 5, but for the p-NO3 component of PM2.5.
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Fig. 9. Locations of sites used in analysis of episodic nature of
ammonia emissions reductions: (a) Canadian CAPMoN sites; (b)
US CASTNet sites.
(2) Cold-month decreases in sulphate, co-located with the
ammonia emissions regions, are due to (a) increased hy-
drogen ion concentrations in cloudwater, which causes the
SO2(g)+H2O H+(aq)+HSO−
3 (aq) equilibrium to shift to
the left, reducing further uptake of sulphur into clouds, (b) a
decrease in the rate of cloudwater oxidation of HSO−
3 (aq) to
SO2−
4 (aq) by ozone due to increased H+(aq) concentrations.
(3) The small summer increases in particle sulphate
concentration result from the conversion of HSO−
3 (aq) to
SO2−
4 (aq) becoming more efﬁcient at higher hydrogen ion
concentrations and higher temperatures: the aqueous phase
oxidation rates of HSO−
3 (aq) to SO2−
4 (aq) by hydrogen per-
oxide and organic peroxides are proportional to the H+(aq)
concentration, which increases as ammonia decreases (e.g.
Fung et al., 1991). This increased irreversible conversion of
HSO−
3 (aq) to SO2−
4 (aq) counteracts the cold-month equilib-
rium between SO2(g) and HSO−
3 (aq), allowing the net up-
take of SO2 in clouds to increase. This effect occurs where
the base case H+(aq) concentration was already high (i.e.
the ozone oxidation pathway was already weak, due to high
H+(aq) concentrations, and is weakened further by the in-
crease in acidity).
AURAMS-Predicted Effects of 30% Decrease in Agricultural Ammonia emissions: 
Decrease in PM2.5 Mass at CAPMoN Stations
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AURAMS-Predicted Effects of 30% Decrease in Agricultural Ammonia emissions: 
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Fig. 10. AURAMS-predicted annual frequency distributions of the
decrease in hourly PM2.5 concentrations associated with a 30% de-
crease in NH3 emissions at CAPMoN stations (numbered sites from
Fig. 9a): (a) expressed in mass units; (b) Expressed as percentage
difference relative to the base case. Median : solid horizontal bar;
5th and 95th percentiles: limits of red vertical bar; 2nd and 98th
percentiles: thin horizontal bars.
TheepisodicnatureofthechangesinPM2.5 massresulting
from ammonia emissions reductions has been examined by
constructing annual frequency distributions of hourly mass
difference and hourly percent mass difference between the
base case and the 30%-reduction scenario. Hourly model
values of the changes in PM2.5 were ﬁrst extracted for those
model grid cells containing the CAPMoN and CASTNET
monitoring stations shown in Fig. 9 and were then used
to construct annual frequency distributions of hourly mass
change (Figs. 10a, 11a) and percent mass change (Figs. 10b,
11b). In both Figs. 10 and 11, the sites are arranged roughly
from the west of the continent on the left to the east of the
continent on the right, and positive values indicate reduc-
tions relative to the base case. Both ﬁgures show that median
hourly PM2.5 reductions are usually less than 1µgm−3, or
on the order of 5% of the PM2.5 mass at any given location,
while the reductions during episodes (e.g. 95th percentiles,
top of red bar) may be considerably higher. For the Canadian
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Fig. 11. (a) Same as Fig. 10a but for CASTNet station sites shown in Fig. 9. (b) Same as Fig. 10b but for CASTNet station sites shown
in Fig. 9.
sites (CAPMoN), the largest median mass reductions (Figure
10a) are at Abbotsford Airport (0.55µgm−3) located in an
agricultural area to the east of Vancouver, British Columbia,
and Simcoe, Ontario, located in an agricultural area to the
east of the Detroit/Windsor conurbation (0.50µg m−3). The
median values at all sites are much lower than the 95th-
percentile limits (e.g., Abbotsford Airport, 95th percentile
value of 3.3µgm−3; Simcoe, 3.2µgm−3). Median percent
reductions (Fig. 10b) are more centered in the frequency dis-
tributions, although the upper ends of the range are still con-
siderably higher than the medians (e.g., Abbotsford Airport
median and 95th-percentile values of 3.8% and 17%; Sim-
coe 8.5% and 23%, respectively). A similar pattern may
be observed at US sites (CASTNET), with median and 95th
mass percentile values in Indiana and Ohio reaching 0.69
and 3.1µgm−3, and 0.63 and 3.2µgm−3 respectively, and
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Fig.12. AURAMS-predictedPM2.5 compositionchangeassociated
with a 30% decrease in NH3 emissions at CAPMoN statons for (a)
the 98th percentile PM2.5 mass change at each station, and (b) the
2nd percentile mass change at each station. Note the difference in
vertical scale between (a) and (b).
corresponding percent reduction median and 95th-percentile
values of 8% and 22%, and 7.8% and 22%, respectively.
The mass reduction distributions (Figures 10a, 11a) suggest
that the impact of ammonia controls on PM2.5 mass will be
episodic, with mass reductions during periods of elevated
PM2.5 levels being as much as 4 to 6 times greater than the
median mass reduction. The percent mass reduction dis-
tributions (Figs. 10b, 11b) show that median percent mass
decreases of 0 to 8% are predicted at the network locations
in both countries, with 95th-percentile values of up to 22%.
However, Figs. 10 and 11 also show that NH3 emission de-
creases can also lead to lower-magnitude episodic increases
of PM2.5 mass.
The speciation of the change in particle mass for the 98th
and 2nd percentile PM2.5 mass changes from Figures 10 and
11 are shown in Figs. 12 and 13, respectively. This analy-
sis shows that the large decreases in PM2.5 mass (98th per-
centile; Figs. 2a and 13a) are mostly due to decreases in par-
ticle ammonium and particle nitrate mass, in accord with the
seasonal average concentration diagrams discussed above.
The small decreases in PM2.5 mass (2nd percentile, Figs. 12b
and 13b) show a variety of causes in Canada (12b), but in
the eastern USA. they are clearly linked with the increase
in sulphate mass noted in the analysis above in the summer
months, particularly in the eastern United States of America
(13b). It is interesting to contrast these sulphate results with
those of Tsimpidi et al. (2008): in their case, a 50% reduc-
tion inammonia emissions foran eastern USdomain resulted
in minor sulphate reductions in a single winter month, and
no change in sulphate in a single summer month. Our trend
is the same, though we predict small sulphate increases in
the summer due to the impact of increased cloudwater acid-
ity on aqueous-phase oxidation processes, described above.
The differences between our results and those of Tsimpidi
et al. (2008) may relate differences in the equilibrium and
reaction rate expressions used in the two different models,
and in the temperatures during the respective test periods.
Other small decreases may be due to reductions in ammonia
emissions upwind of the site leading to less particle growth
and hence to less particle dry deposition prior to reaching the
downwind site (i.e. extreme cases where the base case parti-
cle ammonium nitrate is sufﬁciently high that some particle
nitrate is lost en-route to the measurement station location).
4.2.3 PM2.5 chemistry
The manner in which the reductions in NH3 emissions create
the PM2.5 mass reductions described above can be examined
by considering the changes in the metrics of Table 3.
The predicted change in particle neutralization ratio re-
sulting from a 30% reduction in NH3 emissions relative to
the base case is shown in Fig. 14. Positive regions indicate
areas where the neutralization ratio has decreased (i.e., the
particles have become more acidic) compared to the base
case, and negative regions indicate areas where the neutral-
ization ratio has increased (i.e., the particles have become
less acidic). The main NH3 emitting regions in the US mid-
west display relatively little change in particle charge bal-
ance; these regions are NH3-saturated, so there is little im-
pact on particle charge balance in spite of the predicted con-
current decreases in ambient NH3 concentrations (cf. Fig. 4).
Substantial decreases in the particle neutralization ratio (i.e.,
increases in particle acidity and changes in particle compo-
sition) do occur downwind and on the fringes of the NH3
emissions regions.
The predicted change in the total ammonium to sulphate
mole ratio resulting from the 30% change in NH3 emissions
is shown in Fig. 15. The total ammonium to sulphate ratio
describes the chemical regime, and Figure 15 shows that the
reduction in emitted NH3 has resulted in a more acidic chem-
ical regime over the NH3 source regions, with relatively lit-
tle change outside of those source regions. Figures 14 and
15 suggest that the composition of particles formed over the
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Fig. 13. (a) Same as Fig. 12, for CASTNet stations. (b) Same as Fig. 12, for CASTNet stations.
NH3 source regions will change. For example, given the
minor change in neutralization ratio in southern Minnesota
(Fig. 14), the drop in total ammonium to sulphate mole ra-
tio in these regions (Fig. 15) suggests that the particles may
have more acidic components (hydrogen ion, etc.) over the
source regions. That is, these two ﬁgures taken together sug-
gest that particle nitrate is the dominant means of transport
of NH3 from the source regions to regions downwind; the
mass of particle sulphate in the NH3 source regions is invari-
ant, and the lack of change in the neutralization ratio there
shows that reductions in particle ammonium are being ac-
companied by reductions in particle nitrate (see Figs. 6 and
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Fig. 14. Change in particle neutralization ratio due to 30% reduction in NH3 emissions. Positive regions indicate increased particle acidity
relative to the base case. Panels arranged as in Fig. 2.
8). The downwind impact of the NH3 emissions is therefore
due in part to particle ammonium nitrate transport.
A strong seasonal variation in changes to chemical regime
can also be seen in Fig. 15, particularly over the Canadian
Prairies. Spring and fall have the greatest increase in par-
ticle regime acidity, while summer and winter have smaller
changes.
The change in the mass fraction of NH3 (i.e., 
NH3(g)

NH3(g)

+ [PM2.5−NH4]
	
on a mass basis) is
shown in Fig. 16. The differences are positive over most of
the domain and over all seasons, showing that a greater pro-
portion of the remaining (ammonia+ammonium) mass re-
sides in the particle phase instead of the gas phase following
a reduction in NH3 emissions. The effect is strongest in the
summer and weakest in the winter. The ﬁgure suggests that
reductions in NH3 gas emissions will result in a nonlinear re-
duction in NH3 gas concentrations due to thermodynamics:
a shift in phase will reduce the relative amount of NH3 that
remains in the gas-phase.
The ratio of the sum of PM2.5 nitrate and ammonium mass
to total PM2.5 mass is shown in Fig. 17. This ﬁgure shows
that the relative amount of PM2.5 composed of these NH3-
sensitive species has decreased in the 30% reduction sce-
nario. The ﬁgure is also of interest in that it conﬁrms am-
monium nitrate as the means of long-range transport of NH3
mass. Comparing the summer (upper left) panels of Figs. 17,
4, and 5, it can be seen that:
1. The largest ammonia source region is located in south-
ern Minnesota and northern Iowa (Fig. 4), while the
largest particle mass reductions occur further to the east,
north of the Ohio River (Fig. 5).
2. The region of greatest particle ammonium and nitrate
reduction (Figs. 6, 8 and 17) occurs over the state of
Illinois i.e., between the ammonia source region and the
region of greatest particle mass reduction.
The change in the fraction of directly NH3-sensitive par-
ticle mass has a strong seasonal variation, with the greatest
impact in the winter (lower left panel, Fig. 17). This is con-
sistent with the strong dependence of particle nitrate forma-
tion on temperature, with colder temperatures resulting in a
greater proportion of ammonia and nitric acid gas being con-
verted to particle ammonium nitrate, ammonium, and nitrate
ions.
4.2.4 Total deposition
AURAMS calculates the wet and dry deposition of various
species to the Earth’s surface as molesm−2 hour−1. The
hourly wet and dry deposition ﬁelds have been added to-
gether and summed to seasonal mass totals (kg/ha/season)
for the following analysis. As before, scenario values are
then subtracted from the base case to determine the impact
of the reduced NH3 emissions.
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Fig. 15. Change in total ammonia to sulphate mole ratio due to 30% reduction in NH3 emissions. Positive regions indicate decreases in the
ratio (more acidic chemical regimes) relative to the base case. Panels arranged as in Fig. 2.
The predicted change in total deposition of all forms of
sulphur (SO2 +H2SO4 +p-SO4 dry deposition and wet de-
position) is depicted in Fig. 18. The 30% reduction in the
emissions of NH3 has resulted in decreases in sulphur to-
tal deposition (red) in many regions in both Canada and the
USA.. Increases in sulphur deposition are also present, in
the colder seasons (SE US, Atlantic provinces). It should be
noted that these predicted changes to the sulphur deposition
associated with ammonia emissions reductions, while signif-
icant, are relatively small in magnitude relative to the total
sulphur deposited: on the order of 1% of the total sulphur
total deposition.
The predicted changes in sulphur total deposition are the
result of the following NH3 emissions-reduction-induced
changes in the state of atmospheric sulphur:
1. A reduction in NH3 reduces the capacity of cloud wa-
ter and rain to absorb SO2, via the net equilibrium:
NH3(g)+SO2(g)+H2O⇔NH+
4 (aq)+HSO−
3 (aq).
The concentration of the ammonium ion decreases, hence
less SO2(g) can enter the aqueous phase as HSO−
3 (aq) in the
absence of the buffering provided by NH3. The reduction of
the sulphur content in cloud water and rain results in less sul-
phur being removed by wet deposition. Note that in the pres-
ence of higher temperatures and sufﬁcient aqueous-phase ox-
idation of HSO−
3 (aq), this equilibrium will shift to the right
(see discussion above in section 4.2.2).
1. A corollary to (1) is that less sulphur is removed in pre-
cipitation. The sulphur, which remains in the form of
SO2(g), will therefore be transported longer distances
due to decreased rainout/washout. The increases in sul-
phur deposition that takes place in the colder seasons in
Fig. 18 (eastern seaboard of US, Atlantic Ocean) results
from the transport and subsequent deposition of SO2 to
greater downwind distances.
2. Another corollary to (1) is that reductions in NH3 emis-
sions will reduce the amount of ammonium ion in the
cloud droplets and water, and hence will reduce the
amount of nitrate taken up in cloud water and rain, and
thus the amount of nitrate removed by wet deposition.
Total nitrogen deposition therefore decreases due to de-
creases in both reduced and oxidized nitrogen deposi-
tion, as discussed below.
Atmos. Chem. Phys., 9, 7183–7212, 2009 www.atmos-chem-phys.net/9/7183/2009/P. A. Makar et al.: Modelling the impacts of ammonia emissions reductions 7203
Fig. 16. Change in gas-phase NH3 mass fraction due to 30% reduction in NH3 emissions. Positive regions indicate decreases in mass fraction
(i.e., proportionately more ammonium in the particle phase) relative to the base case. Panels arranged as in Fig. 2.
Fig. 17. Change in fraction of ammonium+nitrate mass in PM2.5 relative to the total PM2.5 mass. Positive regions indicate decreases in
ammonium and nitrate mass fraction (i.e., particles composed of proportionately less ammonium and nitrate) relative to the base case. Panels
arranged as in Fig. 2.
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Fig. 18. Change in total – sulphur total deposition (kgS/ha/season) due to 30% reduction in NH3 emissions. Positive values (green to
red colours) indicate decreases in sulphur deposition resulting from decreasing NH3 emissions; negative values (blue) indicate increases in
sulphur deposition resulting from decreasing NH3 emissions. Panels arranged as in Fig. 2.
Fig. 19. Change in total – nitrogen total deposition (kgN/ha/season) due to 30% reduction in NH3 emissions. Positive values (light blue
to red colours) indicate decreases in nitrogen deposition resulting from decreasing NH3 emissions; negative values (dark blue) indicate
increases in nitrogen deposition resulting from decreasing NH3 emissions. Panels arranged as in Fig. 2.
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3. Reductions in NH3 emissions may also cause a reduc-
tion in the size of ambient particles, since less NH3
leads to less p-NH4 and p-NO3 in the particle phase,
hence smaller particles, which may have a smaller de-
position velocity.
The change in total deposition of all
phases of nitrogen related to ammonia chem-
istry (sum of {NH+
4 (aq)+NH3(g)+PM2.5
NH4 +NO−
3 (aq)+HNO3(g)+PM2.5 NO3 }) is shown
in Fig. 19. The reduction in NH3 emissions by 30% has
resulted in substantial reductions in deposited nitrogen
(similar in magnitude to the total deposited nitrogen in many
locations). The greatest spatial extent of nitrogen deposition
reduction occurs in the spring (lower right panel), when NH3
emissions are highest, and the smallest change occurs in the
winter (lower left panel), when NH3 emissions are lowest.
The location of the largest reductions in nitrogen deposition
occurs over the NH3 emitting areas (compare Figs. 4 and 19.
Less than 10% of the total change in deposited nitrogen is
associated with the various forms of nitrate, and is instead
dominated by the ammonium components (not shown). The
change in total ammonia/um deposition is itself dominated
by aqueous ammonium wet deposition (approximately
5/6 of the total) and NH3 dry deposition (remaining 1/6),
with changes to p-NH4 dry deposition being relatively
insigniﬁcant for the nitrogen budget.
The main results of the deposition analysis for a 30% re-
duction in agricultural NH3 emissions are thus:
1. Sulphur deposition close to the sources of sulphur de-
creases slightly, due largely to a reduction in SO2(g) up-
take in clouds. Sulphur deposition further downwind of
the sources may increase as a consequence, depending
on the season.
2. Nitrogen deposition decreases signiﬁcantly, driven
largely by decreases in aqueous ammonium wet depo-
sition (75% of the total decrease in N) and dry depo-
sition of ammonia gas (15%), but also by near-source
decreases in deposition of all forms of nitrate (10%).
3. Hydrogen ion wet deposition increases (not shown).
The increase in hydrogen ion deposition is spatially
matched with the decreases in nitrogen deposition and
is greatest over the regions of NH3 emissions.
4.2.5 Annual critical load exceedances for sensitive
ecosystems
Annual critical-load exceedance ﬁelds for Canada were cal-
culated for the base case and for the 30% emissions reduction
scenario in two ways: for (a) sulphur (S) total deposition and
for (b) sulphur+nitrogen (S+N) total deposition.
Annual critical-load exceedances for sulphur were not
signiﬁcantly changed between the base case and the 30%
NH3 emissions reduction scenario (annual critical-load ex-
ceedances did decrease for the NH3 emissions reduction sce-
nario, but signiﬁcant reductions only occurred at two model
gridpoints: notshown). ThisindicatesthattheimpactofNH3
emissions reductions on sulphur acidiﬁcation of ecosystems
is expected to be small, in accord with the relatively small
changes in total sulphur deposition (Fig. 18).
Figure 20a shows the predicted S+N annual critical-
load exceedances for the base case. Figure 20b shows the
corresponding reductions in S+N annual critical-load ex-
ceedances in many parts of Canada that are predicted to re-
sult from a 30% reduction in agricultural NH3 emissions.
These substantial decreases in S+N annual critical-load ex-
ceedances are in contrast to the small decreases in S-only
annual critical-load exceedances.
The implication of this ﬁnding is that if an ecosystem’s
ability to absorb N from atmospheric deposition is com-
promised at these locations in the future, i.e., N saturation
(e.g., Aber and Magill, 2004), then the deposition of at-
mospheric nitrogen resulting from NH3 emissions will con-
tribute to a degradation of these ecosystems. While recent
streamwater-chemistry trend analyses in Europe suggest that
many decades of elevated N deposition may be required for
N saturation to occur (Wright et al., 2001), reduced N reten-
tion in soils and increased N leaching to streams and lakes
can begin much sooner (e.g., Kaste et al., 2002; Jeffries and
Ouimet, 2005). Reductions in NH3 emissions can thus re-
duce present or potential acidiﬁcation due to inorganic N de-
position
4.2.6 A conceptual model
The above analysis of AURAMS simulations may be used to
provide a simple conceptual model to describe the effect of
reductions in NH3 emissions on atmospheric chemistry. The
following diagram (Figure 21) depicts the processes, on a hy-
pothetical transect with NH3 emissions on the left, a source
of SO2 and NOx in the centre, and a receptor region down-
wind on the right. This is similar to the situation on the
eastern half of the North American continent, with the US
midwest NH3 source on the left, the Ohio Valley and Great
Lakes regions in the centre, and the Atlantic provinces and
New England states on the right. The prevailing wind blows
from left to right in this diagram. The upper half of the dia-
gram shows the system in the absence of NH3 emission con-
trols, the lower half the system including controls in NH3
emissions. Coloured text in the lower half of the diagram
indicates terms that have changed; red for species that have
decreased, blue for species that have increased, and green for
species with a non-linear response that may be seasonally
dependant.
In the absence of emissions controls (Figure 21, top), ex-
cess NH3 in the source region at left creates particle am-
monium nitrate, in addition to particle ammonium sulphate.
Winds blowing to the right then transport the particles and
www.atmos-chem-phys.net/9/7183/2009/ Atmos. Chem. Phys., 9, 7183–7212, 20097206 P. A. Makar et al.: Modelling the impacts of ammonia emissions reductions
Fig. 20. AURAMS-predicted Canadian (S+N) critical-load exceedances for 2002: (top) NAESI base case; and (bottom) (base case – 30%
NH3 emissions reduction scenario). Gray areas in the top panel indicate areas for which critical-load values were not available. Positive
values in the bottom panel indicate areas where the critical load exceedance has decreased in response to decreasing NH3 emissions.
NH3 gas. En route, the NH3 gas is depleted due to wet and
dry deposition, as are the particles by wet deposition. Nev-
ertheless, signiﬁcant amounts of particle ammonium and ni-
trate reach the SO2 and NOx emissions source region in the
centre of the ﬁgure. The addition of fresh SO2 and nitric
acid to the system cause the particles to locally become more
acidic, withsometransferofthetransportedammoniumfrom
particle nitrate to particle sulphate possible due to inorganic
thermodynamics. With subsequent transport further down-
wind, the particles are deposited; relatively little SO2 reaches
fardownwindlocationsduetoNH3-enhancedaqueous-phase
conversion to sulphate closer to the source regions, particu-
larly in colder seasons, when HSO−
3 (aq) oxidation is inhib-
ited.
With the presence of NH3 controls (Figure 21, bottom,
also Figs. 5, 6, 7, 8, 12, 13), less ammonium nitrate is cre-
ated in the Midwest source region, and hence less is avail-
able for transport (e.g. Fig. 8, seasonal average p-NO3 de-
creases of >0.7µg/m−3 in western Illinios, summer and
fall). Smaller amounts of ammonium reach the central SO2
and NOx source region; this reduces the rate of further parti-
cle formation and allows more subsequent downwind trans-
port and deposition of SO2. (see Fig. 6, note p-NH4 de-
creases in NW Illinios, NW Indiana of about 0.2µg/m−3,
also note Fig. 18b, c, sulphur deposition increasing fall and
winter, when aqueous phase conversion to sulphate is less
efﬁcient; more transport of SO2 and less deposition close
to sources). Depending on the season, the conversion of
HSO−
3 (aq) to SO2−
4 (aq) in cloud water may increase with
the drop in H+(aq) associated with ammonia emissions in-
creases. (see Fig. 7a, average summer increase in p-SO4 over
the Eastern USA. on the order of 0.10µg/m−3, due to cloud
water oxidation of SO2).
A neutral charge balance ratio is maintained over the NH3
source region at the left regardless of the scenario; since this
region remains NH3-saturated, reductions in p-NH4 here are
matchedbyreductionsinp-NO3 inthedenominator(c.f. Fig-
ure 14, neutralization over Minnesota and Iowa is unchanged
despite emissions reductions). In the SO2 and NOx source
region in the centre, however, the upwind reductions in NH3
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Fig. 21. Conceptual model of NH3 emissions, reaction and trans-
port: (top) without NH3 emissions controls; (bottom) with NH3
emissions controls. Font colours: red: species that have decreased
with NH3 emissions controls; blue: species that have increased;
green: species with a non-linear response that may be seasonally
dependant.
emissions result in a net decrease in charge balance and an
increase in particle acidity that is then maintained during fur-
ther downwind transport (c.f. Figure 14, Ohio river valley
increased acidity).
While this conceptual model aids in understanding the
AURAMS predictions, it is not intended as a quantitative
analysis of a given region, or a speciﬁc time period.
5 Uncertaintyanalysisofthe50%CanadianBeefCattle
emissions reduction scenario
The main intent of this scenario was to serve as an uncer-
tainty benchmark for the previous scenario. The sub-sector
with the largest uncertainty in the Canadian agricultural NH3
emissions inventory is that of Beef Cattle, estimated to be
as high as a factor of two; the 50% reduction considered in
this scenario thus represents the lower range of the uncer-
tainty envelope. Comparisons to the 30% all-sector scenario
thus show the limitations to the above analysis, in locations
where this sub-sector dominates NH3 emissions.
The model response for PM2.5 mass for this emissions sce-
nario, relative to the base case, is shown below in Fig. 22.
This combines the seasonal difference in PM2.5 due to a 30%
agricultural ammonia reduction (left hand column of pan-
els) with the seasonal difference due to a 50% reduction in
ammonia emissions from Canadian Beef Cattle alone (right-
hand column of panels). The reduction of beef-cattle emis-
sions by 50% has about the same impact in this region (about
the same size as the US state of Texas) as the 30% overall re-
duction noted above. Smaller magnitude changes were also
noted in the province of Ontario (not shown).
One important conclusion from this analysis is that for the
CanadianPrairieprovinces, therangeofuncertaintyinmodel
predictions associated with the beef-cattle emissions factors
may be as large as the impacts from an across-the-board 30%
reduction of NH3 emissions. While the best available infor-
mation was used to compile the new NH3 emissions inven-
tory, improvements in the beef-cattle subsector of the inven-
tory are recommended for future work. Similar uncertainty
analyses for US ammonia emissions are also recommended.
The other aspect to this sensitivity analysis is to demon-
strate the extent to which sector-speciﬁc scenario simulations
are possible with the updated 2002 NH3 Canadian emissions
inventory. An emissions reduction strategy may be “tailored”
for the dominant emissions sources in a given region; very
speciﬁc emissions reduction strategies may be tested in the
future.
6 Conclusions and recommendations for future re-
search
A uniﬁed regional air-quality modelling system (AURAMS)
was used to investigate the effects of reductions in NH3 emis-
sions on regional air quality, especially PM. Three simula-
tions of one-year duration were performed for a North Amer-
ican domain for different sets of NH3 emissions. The simu-
lation for a 30% continent-wide reduction in agricultural am-
moniaemissionspredicteddecreasesinmedianhourlyPM2.5
mass of <1µgm−3. However, the atmospheric response to
these emission reductions has marked seasonal variations,
and on even shorter time scales the impacts of the emissions
reductions are highly episodic: for example, 95th-percentile
hourly PM2.5 mass decreases may be a factor of six larger
than the median values.
A key feature of the above simulations is the manner in
which continental-scale long-range transport may play a role
in deﬁning the impacts of reductions in NH3 emissions. The
emissions reductions affect local NH3 gas concentrations,
but the largest impacts of these reductions may take place
signiﬁcantly downwind of the main NH3 emissions source
in strongly or weakly NH3-limited areas. The interaction
between transport and chemistry is complex: NH3 mass is
transported from the source regions as aqueous and particle
ammonium, and emissions of other particle precursors play
a signiﬁcant role in the subsequent chemistry. Reductions in
NH3 emissions result in a small but signiﬁcant decrease in
the amount of SO2 gas converted to sulphate in the colder
three seasons of the year. Small increases in aqueous sul-
phate formation and SO2 uptake are predicted in summer.
Reductions in aqueous buffering capacity and decreases in
particle size decrease local sulphur deposition in favour of
SO2 deposition further downwind; a by-product of the NH3
emissions reduction is to increase the overall transport dis-
tance of emitted atmospheric sulphur. Ammonia emissions
reductions result in a signiﬁcant decrease in total ammonia
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Fig. 22. Seasonal average change in PM2.5 mass (µgm−3) associated with a 50% reduction in Canadian beef-cattle emissions. Portion of
model domain covering provinces of Alberta, Saskatchewan, and Manitoba.
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deposition and a smaller decrease in nitrate deposition, in re-
gions of high ammonia emissions.
Figures 10 and 11 show that the impact of NH3 emissions
reductions is highly episodic in nature. In both high and low
resolution model runs, 95th percentile values of the differ-
ences between base case and scenarios are often much larger
(up to a factor of 6) than the median differences of the distri-
bution. This is in accord with the known chemistry of p-NH4
formation, speciﬁcally ammonium nitrate, and our analysis
suggests that PM2.5 mass decreases resulting from ammonia
emissions reductions will result from decreases in particle
ammonium and particle. Relatively small changes in local
temperature, humidity, and precursor-gas concentrations can
give rise to rapid particle formation and/or loss conditions
(e.g., Yu et al., 2005). Decreases in NH3 emissions may have
a modest or low impact on PM2.5 levels in median or average
conditions, but a much larger impact when PM2.5 levels are
high.
Reductions in NH3 emissions may result in decreases in
acid deposition and in exceedance of S+N critical loads for
sensitive Canadian ecosystems. The predicted small changes
to sulphur deposition, on the other hand, have little impact on
sulphur critical-load exceedances, implying that NH3 emis-
sions reductions at the current time will not reduce the sul-
phur acidiﬁcation of sensitive ecosystems. However, if the
ability of these ecosystems to absorb nitrogen becomes sat-
urated, the role of NH3 on the exceedance of critical loads
does become substantial. Ammonia emissions reductions
hence may eventually be required to reduce acidiﬁcation of
Canadian ecosystems
The important linkages between transport and chemistry
when NH3 reductions are considered suggests that cross-
border transport may be an important factor when assessing
the outcomes of NH3 emission reduction strategies. Am-
monia and PM concentrations may be affected considerably
downwind, andsulphurandnitrogentransportdistancesfrom
sources of sulphur and nitrogen and associated deposition
patternsarechanged. Somefuturescenariorunsshouldfocus
on trans-boundary transport.
The beef-cattle emissions scenario shows that the uncer-
tainty associated with the updated 2002 Canadian agricul-
tural NH3 emissions inventories for this source subsector is
large. Future work on emissions inventories should attempt
to reduce this uncertainty. This scenario also serves to show
the potential for NH3 emissions reduction scenarios that as-
sess the impacts of agricultural-subsector-speciﬁc changes
in emitting practices. Scenarios examining the impacts of
NH3 management practice changes should therefore be con-
sidered in future work.
A potentially signiﬁcant source of uncertainty in all of the
model results is the role of coarse-mode chemistry in the real
atmosphere; the model neglects base cation chemistry (cal-
cium, magnesium, sodium, potassium), and the model par-
ticle nitrate formation may therefore be more sensitive to
changes in ammonia gas emissions than would occur in the
ambient atmosphere. Coarse-mode particle chemistry may
reduce the impact of ammonia emissions reductions by com-
peting with the ﬁne mode for the available nitric acid, as well
as providing sites for condensation of nitric and sulphuric
acid during intense dust storm events. For this reason, the
changes depicted here should be considered upper limits. In-
clusion of coarse-mode chemistry is recommended for future
model simulations of ammonia emission scenarios.
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